INTRODUCTION
Craniosynostosis, the premature fusion of one or more cranial sutures, is a relatively common malformation with an incidence of 1:2.500 births. Apert syndrome (AS [MIM 101200]) is one of the most severe forms of craniosynostosis, accounting for 4.5% of all cases in different populations (1) . AS also is characterized by midfacial hypoplasia and severe symmetric bony and cutaneous syndactyly of the hands and feet. Although the coronal suture is closed at birth, the squamosal and the lambdoid suture are opened and the anterolateral fontanelles are much enlarged because of a wide midline calvarial defect. Many other anomalies are associated with AS, such as central nervous system, cardiovascular, urogenital, and dermatologic abnormalities (2) (3) (4) (5) . Inheritance is autosomal dominant and most cases represent new mutations which are exclusively of paternal origin (6) . Early corrective cranial surgical intervention is needed to allow proper brain and skull growth. As a result of continuous bone healing defect, several surgeries are usually necessary during childhood and puberty.
Two activating missense mutations on the fibroblast growth factor 2 receptor (FGFR2) cause the great majority of AS cases: p.Ser252Trp (c.755C > G) and p.Pro253Arg (c.758C > G) (7) . They are located in the linker region between immunoglobulin-like loops II and III of the FGFR2: the former is present in about two thirds of the patients and is associated with a more severe craniofacial phenotype and the latter is found in the remaining one third of the patients and is associated with a more severe syndactyly (4) . These mutations are present in mesenchymal "FGFR2c" and epithelial "FGFR2b" splice isoforms and they both involve substitutions of bulky side-chain amino acids, which can alter the relative orientation of the ligand-binding sites of this receptor. Either of these changes lead to enhanced FGFR2 ligand binding affinity and decreased specificity (8) (9) (10) .
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Most of the studies on the cellular consequences of AS mutant FGFR2 activation have been focused on calvarial osteoblasts, both in vitro and in vivo (11) (12) (13) (14) (15) (16) (17) . Several lines of evidence indicate that the periosteum plays an important role in cranial bone regeneration because removal of this tissue decreases vascularization and calcification of cranial defects in animal models (18, 19) . However, little or no information about the periosteal cells' role in the pathophysiology of AS is available. We have postulated that the AS cranial periosteal cells may behave abnormally and contribute to enhanced suture ossification, and therefore we decided in the present work to test this hypothesis.
A transcriptional gene expression signature in periosteal AS cells has been previously reported based on the analysis of only one patient harboring the p.Pro253Arg mutation and two controls (20) . Therefore, the confirmation of these results with a larger number of patients and controls is clearly warranted. Nonetheless, given that one of the most considerable challenges in the field of molecular medicine is to dissect the mechanisms of isolated cases of genetic diseases, including syndromic craniosynostosis, the identification of gene expression profiles associated with specific Mendelian disorders could become a powerful tool to unravel the underlying causes of this group of diseases.
Thus, the present study aimed to evaluate if p.Ser252Trp FGFR2 mutant periosteal cells present a greater commitment toward osteogenic differentiation, which could contribute to the pathophysiology of AS, and to address if these cells present a transcriptional signature that would be involved in the molecular mechanisms of this syndrome.
SUBJECTS, MATERIAL, AND METHODS

Subjects
During corrective surgery, overlying periosteum from the coronal suture region of seven AS patients (three males and four females aged from three months to 14 years) was meticulously dissected away from surrounding tissues to isolate intact periosteal flaps. Control periosteum was obtained using the same procedure from the coronal suture region of seven subjects (three males and four females aged from 11 months to 13 years) with no evidence of bone disease during craniotomy for removal of brain tumors. The project was approved by the local ethical committee and appropriate informed consent was obtained from each subject or their legal guardians.
The presence of the p.Ser252Trp mutation was confirmed by direct DNA sequencing.
Cell Culture and RNA Isolation
Primary periosteal fibroblast cells derived from the periosteal flaps were grown in fibroblast growth medium (80 percent DMEM, 20 percent fetal bovine serum [FSB] and 2 mmol/L l-glutamine, penicillin, and streptomycin), in a humidified incubator at 37ºC and five percent CO 2 . Cells were passaged at near confluence with trypsin-EDTA. All tests were performed between the sixth and the eighth subculture.
Although the primary periosteal fibroblast cells appeared as a homogeneous population of fibroblastoid cells, to further attest that the surgical isolation of periosteum as well as the cell culture expansion procedure were leading to a homogeneous cell sample, immunocytochemistry experiments were performed in two control cell lineages using antibodies specific for mesenchymal cells (SH2 and SH3) and epithelial cells (Cytokeratin 18 and Integrin B1). It was observed that these cells stained homogeneously for the mesenchymal cells markers but not for the epithelial ones. As a positive control, cultured skin fibroblasts from an unaffected subject were used, which stained homogeneously for the epithelial cells markers but not for the mesenchymal cells markers.
Total RNA was isolated from confluent control and AS cells using TRIZOL reagent (Gibco BRL Gaithersburg, MD, USA) and purified with RNeasy minicolumns (Qiagen Valencia, CA, USA). RNA quality and concentration were accessed respectively by 1.5 percent agarose gel electrophoresis and spectrophotometry.
FGFR2 Expression Analysis
To verify the presence of the FGFR2 in AS and control periosteal cells we performed RT-PCR, Western blot, and immunocytochemical experiments.
Expression Analysis of FGFR2 by RT-PCR
One step RT-PCR (Invitrogen Carlsbad, CA, USA) was performed with 2 µg of total RNA samples from five AS patients and four control subjects and specific primer pairs for each of the two major isoforms of FGFR2 (FGFR2b and FGFR2c). The same forward primer (FGFR2-6F: 5′-agtgtggtcccatctgacaag-3′) was combined with a reverse primer specific for either the FGFR2b (FGFR2b-9R: 5′-ggcctgccctatataattgga-3′) or FGFR2c (FGFR2c-10R: 5′-atagaattacccgccaagcac-3′) isoform. A total of 35 cycles of amplification were performed. Reaction products were resolved alongside a 100-bp ladder on 1.5 percent agarose gel.
Western Blot and Immunocytochemical Experiments
Cell lysates from three AS patients and from three control subjects were prepared in RIPA Buffer (5 mM Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 0.1 percent SDS, 0.5 percent sodium deoxycholate, one percent Nonidet 40) and 500 µg of protein were subject to Western blot analysis using a dilution of 1:250 of primary antibody BEH (H-80: sc-20734, Santa Cruz Biotechnology Santa Cruz, CA, USA), and 1:1000 of anti-rabbit alkaline-phosphatase conjugated secondary antibody. For the immunocytochemical experiments, cells were treated with paraformaldehyde (four percent during 30 min) and labeled with 1:100 of the first antibody BEH and 1:100 of the second anti-rabbit-Cy3 antibody. As positive control we used the murine adenocortical Y1 cells (kindly provided by Dr. Hugo Armelin). Control staining without primary antibody was used as negative control.
In Vitro Osteogenic Differentiation
To induce osteogenic differentiation, periosteal fibroblasts from two AS patients and two controls were cultured for three weeks in DMEM ten percent FBS, 0.1 mM dexamethasone, 50 mM ascorbate-2-phosphate, 10 mM β-glycerophosphate, 0.1 percent antibiotic, with media changes every three to four days. After 21 days, calcified matrix production was analyzed by von Kossa staining as previously described (21) .
Microarray Assays, Normalization, and Statistical Analyses
Gene expression experiments were performed using CodeLink bioarray systems (GE Healthcare Buckinghamshire, UK) according to manufacturer's protocols. In brief, first-strand cDNA was produced using 2 µg of total RNA from each sample, Superscript II reverse transcriptase and a T7-poly-dT primer. Second-strand cDNA was produced using RNase H and E. coli DNA polymerase I. Double-stranded cDNA was purified on a QIAquick column (Qiagen) and biotin-labeled cRNA targets were generated by an in vitro transcription reaction using T7 RNA polymerase and biotin-11-UTP (Perkin ElmerFoster City, CA, USA). Fragmented cRNA from each sample was hybridized to CodeLink microarrays containing approximately 20,000 (20K, five samples) or 55,000 (55K, nine samples) 30-mer probes overnight at 37°C in a shaking incubator at 300 rpm. After post-hybridization washes, hybridized targets were revealed by incubating the arrays with a Cy5-Streptavidin conjugate. The reagents used in the synthesis and fragmentation of cRNA were provided in the CodeLink expression assay kit (GE Healthcare). Signal of the Cy5-dye from hybridized targets were detected with a GenePix 4000B scanner (Axon Instruments Foster City, CA, USA). CodeLink Expression Analysis software (GE Healthcare) was used to obtain background-subtracted spot intensities from microarray images. A set of 19,683 cDNA probes present in both the 20K and 55K arrays were analyzed. From these, only 9,543 probes that had valid measurements (i.e. were detected above the average array background as determined by a set of negative controls represented in the CodeLink arrays) in at least six out of seven samples from AS or control samples were further analyzed. To make experiments comparable, intensity data from different hybridizations were normalized by two different methods: (i) trimmed mean excluding the 20 percent of spots with higher and lower intensities, or (ii) Lowess, local weighted scatter-plot smoothing (22) . Data adjusted by Lowess to a reference file resulted in lower coefficient of variation values across all samples and were used in further analyses. To identify gene expression signatures of AS, a Signal-to-Noise Ratio (SNR) metric (23) was used to compare the expression intensity data from AS samples to control samples. The SNR parameter essentially is a measure of signal strength relative to background noise. The distance between the two groups was measured by a signal-(expression intensity) to-noise (variation) ratio. The signal-to-noise comparison gives an indication of the level of separation for the means of the two distributions defining the gene intensities of the two groups, and it was calculated as SNR =
2 / (SD 1 + SD 2 ), where µ 1 and µ 2 are the mean intensities of Apert and control groups, respectively, and SD 1 and SD 2 the corresponding standard deviations. For each gene, higher absolute SNR values indicate a higher difference of expression between AS and control samples with a lower dispersion within each group. A cutoff SNR ≥ |0.4| was used to select differentially expressed genes. Statistical significance of the differential expression (P values) was ascertained by bootstrap resampling, i.e. by re-calculating SNR values following 10,000 random permutations of sample labels and computing the frequency at which each SNR value measured in the original set was observed in the randomly permuted data (24) . The robustness of identified AS gene expression signature was evaluated by sample leaveone-out cross-validation (25) . Essentially, one sample is removed and a new set of significantly altered genes is determined using the remainder samples. This procedure was repeated for each one of the 14 AS/control samples and the frequency at which each gene appears in the various "leave-one-out" datasets at a given significance (P ≤ 0.05) was annotated.
The reproducibility of the gene expression measurements was assessed by generating two independent replicate target preparations for each of two AS patients and one control and hybridization of the replicates to separate 55K or 20K microarrays, the two types of microarray platforms used in our gene expression experiments. Pair-wise comparison using the Pearson correlation was applied to compare the intensity values from the 19,683 probes common to both CodeLink platforms. Intensity values from the probes common to both microarray platforms were highly correlated between sample replicates (average Pearson correlation = 0.95 ± 0.01) among the three sets of hybridizations. This result confirms that intensity measurements obtained in the different platforms can be compared without any significant loss in accuracy. In addition, the average correlation measured in pairwise analyses with data from all 14 different samples was 0.83 ± 0.07.
Reverse Transcription Reactions and Quantitative Real-time PCR
Complementary DNA (cDNA) was produced from four µg of total RNA using Superscript II reverse transcription kit (Invitrogen 
Exogenous FGF2 Treatment
Control periosteal fibroblasts were grown to about 80 percent confluence in six 25 cm 2 cell culture bottles as described. Cells were washed with PBS and then were serum starved for 24 h in DMEM not supplemented with FBS. After this period, control cells (three bottles) were treated with DMEM containing 0.5 percent FBS and experimental cells (three bottles) were treated with DMEM 0.5 percent FBS and recombinant bovine FGF2 (provided by Dr. Hugo Armelin) to a final concentration of 36 ng/mL (or 2000 pM -at this high concentration phosphorylation of both wild type and mutant FGFR2c was similar, as observed by 9). Control and experimental cells were harvested at three, six, and 24 h after addition of FGF2, and had its total RNA isolated and purified as described. cDNA was obtained by reverse transcription of two µg of total RNA using Superscript II (Invitrogen). qRT-PCR was used to measure expression levels of STMN1, SPAG5, RRM2, HIP2, CENPN, EEF1B2 after FGF2 stimulation.
RESULTS
Morphology and FGFR2 Expression Analysis in Periosteal Cells
Cultured coronal suture periosteal cells from wild type controls and AS patients appeared microscopically to be a homogeneous population of adherent fibroblast-like cells, which exhibited neither morphology alteration nor significant cell death after several passages.
As expected for a homogeneous cellular population of periosteal cells with mesenchymal origin, we observed only the expression of the FGFR2c isoform in control and AS periosteal cells, with no apparent difference between these two, as determined by RT-PCR. FGFR2 protein also was detected in similar amounts both in control and AS cells (data not shown).
Differentiation of Periosteal Fibroblasts to the Osteoblast Cell Lineage
To address if AS periosteal cells present a greater osteogenic potential, control and AS cells ( Figure 1A ) were treated with osteogenic induction medium. We found that the potentiality to differentiate to osteogenic lineage varied significantly between control and AS cellular CENPN  TCAGTGATGCTGCCCTGTTAGA  AGTGATGCTGCCCTGTTAGACA  STMN1  GGCAGGACTTTCCTTATCCCA  GGCAGGACTTTCCTTATCCCA  SPAG5  GAGTTCAAGGAGGTGCTGAAGA  TGTCTGGAGGTCCTGCTATTTC  RMM2  CTTTGTCATCTTCCCCATCGAG  TGCTGAATGTCCTTGGAGAGGT  HIP2  GAGTTCAAGGAGGTGCTGAAGA  TGTCTGGAGGTCCTGCTATTTC  EEF1B2  TTCGGAGACCTGAAAAGCCCT  CGGCTTCAAATACTGCCACATC  HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 
Differential Gene Expression
To verify whether there is an expression signature associated with the presence of the p.Ser252Trp mutation, which could explain the altered mutant cell behavior, we performed genome-wide expression analysis with RNA samples from seven AS patients and seven gender-and age-matched controls using either 55K or 20K microarray platforms. We found 9,543 transcripts (out of 19,683 transcripts under analysis) that were expressed in at least six out of seven samples from AS or control subjects. The average expression levels of 263 genes were found to be significantly altered in AS samples when compared with normal subjects (118 genes upregulated and 145 downregulated) ( Figure 2 , Table 2 supplementary information), using as thresholds an absolute SNR ≥ |0.4| and P ≤ 0.05 (see Methods section for details).
Submitting the 263 differentially expressed genes to the KEGG Pathway Database, the Gene Ontology Database (AmiGO), and the NCBI (Gene) database, we found that 186 of them have a known or inferred function. Among them, we found 98 genes that could be grouped in the following functional categories: regulation of cell proliferation (36 genes; among them, 28 and eight genes are involved in positive and negative regulation of cell proliferation, respectively), nucleotide metabolism (ten genes), regulation of gene expression (32 genes), apoptosis (17 genes), cell adhesion (13), extracellular matrix component or biogenesis (seven genes), and MAPK pathways (16 genes) ( Table 3) . Some genes belong to more than one functional category. These categories were selected because they contain the largest numbers of genes, and because genes with related biological functions already were associated to FGFR2 signaling.
From this analysis, we observed that the most abundant classes of transcripts were those associated with regulation of cell proliferation and regulation of gene expression. In addition, among the 98 genes functionally classified, 45 were upregulated while 53 were downregulated in AS cells. Among the upregulated genes, the majority belong to positive regulation of cell proliferation and nucleotide metabolism categories (29/45 genes or ~64.4%) ( Table 3 ). 
Continued
To improve the statistical significance and identify the most robust markers in the AS gene expression signature we performed a leave-one-out statistical analysis (detailed in Methods). Out of the 263 genes previously found to be differentially expressed, 120 genes were identified in at least 50 percent of the "leaveone-out" datasets, and 25 genes were present in all "leave-one-out" datasets (Tables 2 and 3 ).
Quantitative Real Time PCR Validation of Microarray Data
Quantitative real-time PCR (qRT-PCR) was performed to confirm the differential expression of gene sets identified in the microarray analysis. We selected for validation four genes belonging to the previously mentioned functional categories: STMN1 and SPAG5 (cell proliferation), RRM2 (cell proliferation and nucleotide metabolism), and HIP2 (suppression of apoptosis and regulation of gene expression). In addition, two other genes were selected with nonrelated functions: CENPN (centromere protein), and EEF1B2 (translation elongation factor). The above selection was picked at random to avoid a bias toward a specific pathway in the validation of the microarray results. qRT-PCR experiments showed that these six genes were upregulated in AS cells (Figure 3) , corroborating the expression results obtained in the microarray experiments.
FGF2 Treatment
To independently confirm the data generated by microarray analysis, and to mimic the increased downstream signaling caused by mutant FGFR2, primary cultured control periosteal cells were treated with a high concentration of FGF2 (the high concentration of FGF2 was used to simulate the phosphorylation status of mutant FGFR2c). Total RNA was isolated three, six, and 24 h after FGF2 addition. qRT-PCR was used to measure the changes in mRNA levels of the six genes previously used for experimental validation of the microarray data: STMN1, SPAG5, RRM2, HIP2, CENPN and EEF1B2. We observed that FGF2 treatment differentially stimulated the expression of these genes only after 24 h of treatment (Figure 4) .
DISCUSSION
Despite the important role played by the periosteum in normal suture biology, the contribution of FGFR2 mutant periosteal cells in AS suture closure is unknown. We report here, for the first time, a strikingly higher osteoblast differentiation of heterozygous p.Ser252Trp FGFR2 mutant cells as compared with the same kind of cells from individuals without this mutation and normal suture fusion. To delineate molecular mechanisms underlying this abnormal cell behavior, we also present here a statistically significant difference in gene The 120 genes identified as differentially expressed in at least 50% of the "leave-one-out" datasets. The 25 genes identified as differentially expressed in 100% of the "leave-one-out" datasets. Our study represents the largest sample where a dominant gain-of-function mutation of a rare Mendelian disorder is analyzed through microarray technology. Successful detection of a gene expression signature was achieved possibly because all the patients harbor a common mutation in a tyrosine kinase receptor involved in critical developmental signaling cell pathways that leads to a very homogeneous phenotype. On the other hand, our sample size contrasts with the expression profile studies of complex disorders, such as cancer, which are etiologically very heterogeneous and require an even larger number of individuals in the analysis. It will be important to verify whether other craniosynostotic conditions with either known or unknown causative mutations are also correlated with specific gene expression signatures.
Lemonnier et al. (12) reported that AS p.Ser252Trp mutation induces striking downregulation of FGFR2 protein in osteoblasts, which was attributed to an increased internalization of the receptor. In contrast, our results indicate that AS periosteal cells have a different pattern of FGFR2 expression, as similar FGFR2 transcript and protein levels were observed between control and AS periosteal cells. These discrepancies may be due to differences between the two cell types used in the studies.
Independent confirmation of AS expression changes identified by our microarray studies came from three strategies. First we used qRT-PCR to confirm the upregulation of six genes (STMN1, SPAG5, RRM2, HIP2, CENPN, EEF1B2) in AS cell lines. As a second approach, we used control periosteal cells treated with high concentrations of exogenous FGF2 (a specific wild type FGFR2c ligand) to mimic the activation status of mutant FGFR2. We observed over-expression in FGF2-treated cells of the six genes previously confirmed to be upregulated in AS cells through qRT-PCR. Curiously, we observed a change in gene expression of the selected genes only after 24 h of FGF2 treatment, suggesting that their expression is a late event of FGFR2c activation. In addition, these results imply that the genes differentially expressed in the AS cells are involved either directly or Genes within the list of 120 genes identified as differentially expressed in at least 50 percent of the "leave-one-out" datasets.
b
Those within the list of 25 genes identified as differentially expressed in 100 percent of the "leave-one-out" datasets (see Methods for details).
indirectly with FGFR2c signaling. It is important to point out that this strategy replicates the microarray data in a biologically analogous system. Indeed, Mansukhani et al. (15) showed that gene expression profiles of a murine osteoblast cell line harboring the p.Ser252Trp mutation could be reproduced by exogenous FGF treatment. These findings also suggest that the mutated FGFR2 may over-activate the normal molecular pathways elicited by wild type receptor instead of inducing novel molecular pathways.
As a third approach to validate our microarray results, we looked at the differentially expressed transcripts for genes known to be involved in the canonical FGFR transduction signaling pathways. As will be discussed later, we observed the presence of PIK3C2B gene, which encodes a protein of the phosphoinositide 3-kinase (PI3K) family, and of several members of the MAPK cascades. One of the important signaling pathways leading to activation of the MAP kinases is through FGFR-PI3K hierarchical cascade. We also observed different expression profiles concerning other genes associated with FGFR2 activation, such as FLRT2, a positive regulator of FGFR cascade, and MITF, a transcription factor acting downstream of FGFR/MEK/ERK signaling. Therefore, our results (including both laboratory and the leave-one-out statistical analysis) support that the expression signature observed in AS cells do represent a biological state caused by p.Ser252Trp mutation in FGFR2.
Analysis of the genes differentially expressed in AS cells revealed novel expression networks and cellular processes possibly involved in AS pathogenesis. A previous study reported a gene expression profiling experiment using fibroblast periosteal cells obtained from one AS patient (p.Pro253Arg), and two controls (20) . We did not observe overlap between the list of genes identified in that study and the set of 263 genes reported here. We think that the very small number of samples analyzed in the previous study (one AS patient and two controls) may have introduced a considerable bias due to individual variation in gene expression, which would explain the absence of genes in common in the two studies.
The majority of genes upregulated in AS cells are associated with positive regulation of cell proliferation and nucleotide metabolism, suggesting that the activating FGFR2 mutation induces increased periosteal cell proliferation. Indeed, an excessive proliferation in AS cells in comparison to control cells was clearly evident during tissue culture cell expansion although further experiments are needed to confirm this phenotype.
FGFR-MAPK signaling functions as a trigger of fibroblast cell proliferation. However, we observed downregulation of several members of MAPK signaling cascades (13 out of 16 genes) as well as PIK3C2B in AS cells. It is of note that among the three upregulated genes belonging to the MAPK cascades is DUSP2, which is associated with inhibition of MAPK signaling by dephosphorylating activated MAPKs. Interestingly, downregulation of PI3K and MAPK signaling pathways have been associated recently with increased stem cell differentiation (26, 27) . Therefore, it is possible that the AS mutant FGFR2 expressing cells are more committed toward the osteoblast lineage due to downregulation of transcripts associated with PIK3-MAPK signaling networks. However, further experiments to measure transcript/protein levels of components of the PIK3-MAPK pathway in mutant FGFR2 expressing cells are warranted to confirm the downregulation and the association of this signaling network with the pathophysiology of AS.
We also found downregulation of most of the genes involved in cell adhesion (11 out of 13 genes) and extracellular matrix composition (five out of seven genes) in AS cells, which contrast one previous study that has shown that periosteal AS cells synthesize a greater amount of extracellular matrix components (including glycosaminoglycans, type I and III collagens, and fibronectin) than normal cells (28) . In view of this, it would be interesting to test if the suggested reduction in cell adhesion and extracellular matrix complexity of our AS periosteal cells are associated with the greater osteogenic capacity of these cells.
As we are aware, the number of significantly altered genes (263 with a P ≤ 0.05) does not exceed the expected number of genes that would be found by chance in the dataset using the same confidence interval (476 genes out of 9,526 by chance alone at P ≤ 0.05, and a one-tailed distribution). However, if we took into account the 120 more significant genes (identified as differentially expressed in at least 50 percent of the "leave-one-out" datasets), we did not observe great differences in the distribution of the upregulated and downregulated genes among the functional categories previously discussed for the 263 genes. The exception is the group of genes associated with apoptosis, in which a tendency of enhancement of the number of genes downregulated in AS cells as compared with control cells was observed. These results thus confirm that the most abundant classes of upregulated genes are those related to positive regulation of cell proliferation and nucleotide metabolism, whereas the genes associated with all the other functional categories are mostly downregulated in AS cells.
It was reported that under osteogenic differentiation condition, murine calvarial osteoblast cells heterozygous for p.Ser252Trp mutation in FGFR2 showed increased apoptosis (13, 15, 16) . However, we found an inclination toward downregulation of genes associated with apoptosis between control and AS cells among the 120 genes referred above; in fact, we did not observe significant cell death either in control or in the mutant cell lineages. These discrepancies may be due to differences in the experimental models and cell types used in each study.
Taken together, our findings have important implications in understanding the periosteum function in the postnatal pathogenesis of Apert syndrome patients. The increased proliferative and osteogenic potentials here observed in the AS cells may lead to an expansion of periosteal cells with the potential to differentiate and contribute to premature suture ossification. It is important to note that a similar mechanism already has been discussed for osteoblast cells upon FGFR over-activation (15) . Injuries at the suture site, as those induced by surgical repair, could trigger this abnormal periosteal cell behavior and lead to acceleration of the suture fusion after surgery. Thus, our results suggest for the first time that the mutant periosteal cells in AS patients might play an important role in the pathogenesis of this disease as well as in the recurrent suture closure after surgery.
Recently, identification of mutations in ephrin-B1 gene associated with craniosynostosis have led to the hypothesis that alteration in the cellular pathways activated by these molecules can lead to an abnormal compartmentalization of the cells during embryogenesis leading to disturbed tissue boundary formation (29) . Considering the enhanced osteogenic potential of the AS periosteal cells and also that ephrins recently were shown to activate FGFRs (30), we would like to suggest that a similar mechanism may contribute to the craniosynostosis in FGFR-mutated patients, once the signals that determine separate identities of the cranial suture tissues have been disturbed.
While the full spectrum of molecular factors that modulate these aberrant cellular behaviors remains to be determined, our gene expression profiling study shall contribute to the identification of novel genes with important roles in ossification of cranial sutures or as candidates for syndromic craniosynostosis with still unidentified cause. Of particular note is the recent finding showing that loss of Dusp6, a member of the DUSP (dual-specificity phosphatases) family which is activated by FGFRs and inhibits MAP Kinases, cause coronal craniosynostosis in mice (31) . Therefore DUSP family members may be considered good candidate genes for FGFR-like craniosynostosis. Interestingly, we found that DUSP2 is one of the most significant differentially expressed genes in AS periosteal cells. Finally, the understanding of the molecular pathways involved in the abnormal AS periosteum behavior will certainly have important implications in the prognostic of surgical repair in syndromic craniosynostosis.
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